
Roles of the Phosphorylation of Herpes Simplex Virus 1 UL51
at a Specific Site in Viral Replication and Pathogenicity

Akihisa Kato,a,b,c Shinya Oda,a,b Mizuki Watanabe,a,b Masaaki Oyama,d Hiroko Kozuka-Hata,d Naoto Koyanagi,a,b

Yuhei Maruzuru,a,b Jun Arii,a,b,c Yasushi Kawaguchia,b,c

aDivision of Molecular Virology, Department of Microbiology and Immunology, The Institute of Medical
Science, The University of Tokyo, Minato-ku, Tokyo, Japan

bDepartment of Infectious Disease Control, International Research Center for Infectious Diseases, The Institute
of Medical Science, The University of Tokyo, Minato-ku, Tokyo, Japan

cResearch Center for Asian Infectious Diseases, The Institute of Medical Science, The University of Tokyo,
Minato-ku, Tokyo, Japan

dMedical Proteomics Laboratory, The Institute of Medical Science, The University of Tokyo, Minato-ku, Tokyo,
Japan

ABSTRACT Herpes simplex virus 1 (HSV-1) UL51 is a phosphoprotein that functions
in the final envelopment in the cytoplasm and viral cell-cell spread, leading to effi-
cient viral replication in cell cultures. To clarify the mechanism by which UL51 is reg-
ulated in HSV-1-infected cells, we focused on the phosphorylation of UL51. Mass
spectrometry analysis of purified UL51 identified five phosphorylation sites in UL51.
Alanine replacement of one of the identified phosphorylation sites in UL51, serine
184 (Ser-184), but not the other identified phosphorylation sites, significantly re-
duced viral replication and cell-cell spread in HaCaT cells. This mutation induced
membranous invaginations adjacent to the nuclear membrane, the accumulation of
primary enveloped virions in the invaginations and perinuclear space, and mislocal-
ized UL34 and UL31 in punctate structures at the nuclear membrane; however, it
had no effect on final envelopment in the cytoplasm of HaCaT cells. Of note, the al-
anine mutation in UL51 Ser-184 significantly reduced the mortality of mice following
ocular infection. Phosphomimetic mutation in UL51 Ser-184 partly restored the wild-
type phenotype in cell cultures and in mice. Based on these results, we concluded
that some UL51 functions are specifically regulated by phosphorylation at Ser-184
and that this regulation is critical for HSV-1 replication in cell cultures and pathoge-
nicity in vivo.

IMPORTANCE HSV-1 UL51 is conserved in all members of the Herpesviridae family.
This viral protein is phosphorylated and functions in viral cell-cell spread and cyto-
plasmic virion maturation in HSV-1-infected cells. Although the downstream effects
of HSV-1 UL51 have been clarified, there is a lack of information on how this viral
protein is regulated as well as the significance of the phosphorylation of this protein
in HSV-1-infected cells. In this study, we show that the phosphorylation of UL51 at
Ser-184 promotes viral replication, cell-cell spread, and nuclear egress in cell cultures
and viral pathogenicity in mice. This is the first report to identify the mechanism by
which UL51 is regulated as well as the significance of UL51 phosphorylation in
HSV-1 infection. Our study may provide insights into the regulatory mechanisms of
other herpesviral UL51 homologs.
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Herpesviruses in the family Herpesviridae are subclassified into three subfamilies:
Alphaherpesvirinae, Betaherpesvirinae, and Gammaherpesvirinae (1). Herpes simplex

virus 1 (HSV-1) is one of the most commonly studied members of the family Herpes-
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viridae. It causes a variety of human diseases, including mucocutaneous diseases,
keratitis, skin diseases, and encephalitis (1). The HSV-1 virion, similar to those of other
herpesviruses, contains a linear double-stranded DNA viral genome in an icosahedral
capsid, which is enclosed by an envelope, and between the envelope and the nucleo-
capsid there is a proteinaceous layer consisting of a number of different viral proteins,
designated the tegument (1, 2). In HSV-1-infected cells, the packaging of nascent virus
genomes into preformed capsids takes place in the nucleus. The nascent progeny
nucleocapsids acquire a primary envelope by budding through the inner nuclear
membrane (INM) into the perinuclear space between the INM and outer nuclear
membrane (ONM) (primary envelopment) (3–5). The enveloped nucleocapsids then
fuse with the ONM to release de-enveloped nucleocapsids into the cytoplasm in a
process termed de-envelopment (3, 5). Subsequently, the nucleocapsids acquire a final
envelope by budding into cytoplasmic vesicles, which are probably membranes de-
rived from the trans-Golgi network and/or endosomes (secondary envelopment). Ma-
ture virions then are secreted from the infected cells by exocytosis (1, 3, 5).

HSV-1 UL51, the subject of this study, is conserved in the family Herpesviridae (1) and
is incorporated into the tegument of virions, similar to UL51 homologs in other
members of the Alpha-, Beta-, and Gammaherpesvirinae subfamilies (6–10). In HSV-1-
infected cells, UL51 is posttranslationally modified by phosphorylation and palmitoyl-
ation, the latter of which was suggested to have a role in the association of UL51 with
cellular membranes (11, 12) and has an important role in viral secondary envelopment
(13). The role of UL51 in viral secondary envelopment was also shown in UL51
homologs of pseudorabies virus (PRV), varicella-zoster virus (VZV), and human cyto-
megalovirus (HCMV) (14–18). In addition, HSV-1 UL51 has a role in cell-cell spread
without affecting viral production and release, which is cell type dependent (19). In
HSV-1-infected cells, UL51 interacts with other conserved tegument proteins, UL7 (20,
21) and UL14 (13), and envelope glycoprotein E (gE) (19), a well-known HSV-1 regulator
that promotes viral cell-cell spread (22, 23). The interaction between UL51 and UL14 is
important in HSV-1 secondary envelopment. This is based on observations that muta-
tions in three minimal amino acids in UL51 required for interactions with UL14 induced
secondary envelopment defects at levels similar to those of UL51-null, UL14-null, and
UL51/UL14 double-null mutations (13). In contrast, similar studies of UL51 interactions
with UL7 or gE have not been reported thus far; therefore, the significance of these
interactions in HSV-1-infected cells remains to be elucidated. Although the downstream
effects of UL51 in HSV-1-infected cells have been clarified, the mechanisms by which
UL51 is regulated in HSV-1-infected cells are unclear.

It is well established that protein phosphorylation is a common and effective
posttranslational modification that regulates the function of the target protein (24, 25).
This is also the case for HSV-1 proteins in infected cells. A previous study reported that
the phosphorylation of HSV-1 proteins by viral and cellular protein kinases was impor-
tant for the regulation of their respective viral proteins in infected cells and that these
regulatory effects were critical for viral replication and pathogenesis (26–29). Recently,
several large-scale phosphoproteomics analyses of HSV-1-infected cells were reported,
and numerous phosphorylation sites in various HSV-1 proteins were identified (30–33).
However, few phosphorylation sites whose phosphorylation regulates their respective
HSV-1 proteins in infected cells have been reported. Furthermore, many phosphoryla-
tion sites have no regulatory effect on viral replication and pathogenesis following their
phosphorylation. For example, the phosphorylation of UL51 threonine 190 (Thr-190),
which has been detected in all phosphoproteomic analyses of HSV-1-infected cells thus
far (30–33), had no effect on viral replication and pathogenesis (34). Therefore, the
functional analyses of identified phosphorylation sites are essential to understand the
regulatory mechanisms of HSV-1 protein phosphorylation in infected cells.

In this study, we attempted to identify a functional phosphorylation site(s) in UL51
to clarify the mechanism by which UL51 is regulated in HSV-1-infected cells. The
high-accuracy mass spectrometry (MS) analysis of UL51 purified from cells ectopically
expressing UL51 identified five phosphorylation sites in UL51. We investigated the
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effects of the phosphorylation of each of the identified phosphorylation sites in cell
cultures and in vivo.

RESULTS
Identification of Ser-184, Thr-190, Ser-226, Thr-228, and Ser-235 as phosphor-

ylation sites in UL51. To identify phosphorylation sites in UL51, we used the tandem
affinity purification of transiently expressed UL51 in 293T cells, coupled with MS-based
technology (35–39). Five phosphorylation sites were identified in UL51: Ser-184, Thr-
190, Ser-226, Thr-228, and Ser-235 (Table 1).

Generation of a self-excisable HSV-1(F) BAC and construction of recombinant
UL51 mutant viruses using the newly generated HSV-1(F) BAC. To examine the
effects of UL51 and its phosphorylation at the identified phosphorylation sites, we
constructed a series of UL51 mutant viruses using a self-excisable HSV-1(F) bacterial
artificial chromosome (BAC) clone (pYEbac102Cre) generated in this study. To generate
pYEbac102Cre, we modified the original HSV-1(F) BAC clone pYEbac102 (40) by insert-
ing an expression cassette containing a gene encoding Cre recombinase into the
intergenic site between the loxP site and the BAC sequence (Fig. 1A). Recombinant
viruses reconstituted from pYEbac102Cre and its derivatives were expected to excise
the BAC sequences through the functional Cre enzyme in HSV-1-infected cells as
described previously (41). When the purified DNAs from YK304 (BAC) and YK312
(ΔBAC), reconstituted from pYEbac102 and pYEbac102Cre, respectively, were digested
with EcoRI and analyzed by Southern blotting, the probe (Fig. 1B) hybridized to
fragments a (10.6 kbp), f (15.0 kbp), and d�e (1.9 kbp) in YK304 (BAC), whereas
fragment d�e was shifted to fragment b�e (1.0 kbp) in YK312 (ΔBAC) as a result of the
BAC excision (Fig. 1B and C). Of note, the probe did not detect fragment b�c in YK304
(BAC) (Fig. 1C). These results indicated that the BAC vector sequence can be almost
completely removed from the viral genome during the reconstitution of recombinant
viruses in this system.

Using pYEbac102Cre, we constructed a series of recombinant viruses: recombinant
virus YK631 (UL51-S184A), encoding a mutant UL51 in which Ser-184 was replaced with
alanine (S184A), recombinant virus YK632 (UL51-S184D), carrying the phosphomimetic
mutation (aspartic acid replacement) at Ser-184 (S184D), recombinant virus YK634
(UL51-T190A), encoding a mutant UL51 in which Thr-190 was replaced with alanine
(T190A), recombinant virus YK636 (UL51-S226T228S235/AAA), encoding a mutant UL51
in which Ser-226, Thr-228, and Ser-235 were replaced with alanines (S226T228S235/
AAA), and a UL51-null mutant virus YK638 (ΔUL51). Their repaired viruses were also
generated: YK633 (UL51-S184A/D-repair), YK635 (UL51-T190A-repair), YK637 (UL51-
S226T228S235/AAA-repair), and YK639 (ΔUL51-repair) (Fig. 2). YK633 (UL51-S184A/D-
repair) was the repaired virus for both YK631 (UL51-S184A) and YK632 (UL51-S184D).
These recombinant viruses were characterized as follows. (i) HaCaT cells infected with
wild-type HSV-1(F), YK631 (UL51-S184A), YK632 (UL51-S184D), YK633 (UL51-S184A/D-repair),
YK634 (UL51-T190A), YK635 (UL51-T190A-repair), YK636 (UL51-S226T228S235/AAA), YK637
(UL51-S226T228S235/AAA-repair), or YK639 (ΔUL51-repair) accumulated UL51 and an-
other HSV-1 protein ICP8 at comparable levels (Fig. 3A). (ii) As expected, HaCaT cells
infected with wild-type HSV-1(F) or YK639 (ΔUL51-repair) produced UL51, but those
infected with YK638 (ΔUL51) did not. Furthermore, the infected cells produced ICP8 at
comparable levels (Fig. 3B). These results indicated that the phosphorylation of UL51 at

TABLE 1 UL51 phosphopeptides and phosphorylation sites identified by MS/MS

Phosphorylation site Peptide sequencea Mascot score

Thr-190 LGGLGVTEAPSLGHPH(p)TPPPEVTLAPAAR 63
Ser-184 and Thr-190 LGGLGVTEAP(p)SLGHPH(p)TPPPEVTLAPAAR 46
Ser-226 VSVPRPTA(p)SPTAPRPGPSR 34
Thr-228 VSVPRPTASP(p)TAPRPGPSR 32
Ser-235 VSVPRPTASPTAPRPGP(p)SR 31
aIn the peptide sequences, (p) indicates phosphorylated amino acid.
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Ser-184, Thr-190, Ser-226, Thr-228, and Ser-235 was not required for the correct
accumulation of UL51 and ICP8 in HSV-1-infected cells. Notably, UL51 from infected
cells was detected as doublet bands in denaturing gels as described previously (13),
and T190A and S184D mutations in UL51 affected the migration of either or both of the
isoforms of UL51 in denaturing gels, whereas other mutations in UL51 had no effect,
suggesting that these two mutations altered the overall charge of UL51 and/or mo-
lecular mass of the viral protein (Fig. 3A).

Effect of phosphorylation of the identified phosphorylation sites in UL51 on
HSV-1 replication in cell cultures. To examine the effect of the phosphorylation of UL51

FIG 1 Strategy to construct a self-excisable HSV-1(F) BAC clone. (A) Lines 1 and 2, schematic diagrams of E. coli
plasmid pYEbac102 and pYEbac102Cre, respectively, contained in GS1783; line 3, schematic diagrams of recom-
binant virus YK312 (ΔBAC). (B) Schematic diagram of the genome structures of wild-type HSV-1(F) and relevant
domains of the recombinant viruses. Line 1, sequence arrangement of the HSV-1(F) genome. Line 2, location of the
EcoRV-HindIII fragment used as a labeled probe in panel C. Line 3, an enlarged portion of the EcoRI J and D
fragments of HSV-1(F). Lines 4 and 6, double-headed arrow represents the fragment region. Lines 5 and 7, summary
of DNA fragments from recombinant viruses with or without the BAC sequence and the poly(A) signals. (C)
Southern blot analysis of EcoRI-digested DNA isolated from YK312 (ΔBAC)- or YK304 (BAC)-infected cells using the
EcoRV-HindIII fragment of pRB442 as a probe. The letters on the right refer to the designations of the DNA
fragments generated by restriction endonuclease EcoRI cleavage.
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Ser-184, Thr-190, Ser-226, Thr-228, or Ser-235 on viral replication in cell cultures, we
analyzed progeny virus yields in HaCaT (Fig. 4A to D) and Vero (Fig. 4E to H) cells infected
with wild-type HSV-1(F), YK631 (UL51-S184A), YK632 (UL51-S184D), YK633 (UL51-S184A/D-
repair), YK634 (UL51-T190A), YK635 (UL51-T190A-repair), YK636 (UL51-S226T228S235/AAA),
YK637 (UL51-S226T228S235/AAA-repair), YK638 (ΔUL51), or YK639 (ΔUL51-repair) at a
multiplicity of infection (MOI) of 5 for 24 h (HaCaT cells) and 18 h (Vero cells) or at an MOI
of 0.001 for 48 h (HaCaT cells) and 36 h (Vero cells). In agreement with previous reports (13,

FIG 2 Schematic diagrams of the genome structure of HSV-1(F) and recombinant viruses used in this study. Line 1, wild-type HSV-1(F)
genome; line 2, domains of the UL50 to UL52 and Us7 (gI) to Us8A genes; lines 3 to 15, recombinant viruses with mutations in the
UL51 and/or Us8 (gE) genes. Stop denotes a stop codon.
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19, 21), the progeny virus yields in HaCaT and Vero cells infected with YK638 (ΔUL51) at
MOIs of 5 and 0.001 were significantly lower than those in these cells infected with
wild-type HSV-1(F) and YK639 (ΔUL51-repair) (Fig. 4A, B, E, and F). In contrast, the
progeny virus yields of YK631 (UL51-S184A), YK634 (UL51-T190A), and YK636 (UL51-
S226T228S235/AAA) at an MOI of 5 in both HaCaT and Vero cells and at an MOI of 0.001
in Vero cells were similar to those of wild-type HSV-1(F) (Fig. 4A and C to H). Notably,
the progeny virus yield of YK631 (UL51-S184A) in HaCaT cells at an MOI of 0.001 was
significantly lower than those of wild-type HSV-1(F) and YK633 (UL51-S184A/D-repair)
(Fig. 4B), whereas those of YK634 (UL51-T190A) and YK636 (UL51-S226T228S235/AAA)
in these cells were similar to that of wild-type HSV-1(F) (Fig. 4D). Furthermore, the
wild-type progeny virus yield was restored in HaCaT cells infected with YK632 (UL51-
S184D), carrying a phosphomimetic mutation in UL51, at an MOI of 0.001 (Fig. 4B).
These results indicated that the phosphorylation of UL51 Ser-184 was required for
efficient viral replication in cell cultures but that the effect of phosphorylation on viral
replication differed by cell type and MOI.

Effect of phosphorylation of the identified phosphorylation sites in UL51 on
HSV-1 cell-cell spread in cell cultures. To examine the effect of phosphorylation of UL51
Ser-184, Thr-190, Ser-226, Thr-228, or Ser-235 on HSV-1 cell-cell spread in cell cultures, we
analyzed plaque sizes in HaCaT and Vero cells infected with wild-type HSV-1(F), YK631
(UL51-S184A), YK632 (UL51-S184D), YK633 (UL51-S184A/D-repair), YK634 (UL51-T190A),
YK635 (UL51-T190A-repair), YK636 (UL51-S226T228S235/AAA), YK637 (UL51-
S226T228S235/AAA-repair), YK638 (ΔUL51), or YK639 (ΔUL51-repair) using plaque assay
conditions. In HaCaT cells, YK631 (UL51-S184A) produced smaller plaques than wild-type
HSV-1(F) and YK633 (UL51-S184A/D-repair) and larger plaques than YK638 (ΔUL51) (Fig.
5A). Wild-type plaque sizes were restored in HaCaT cells infected with YK632 (UL51-S184D)
(Fig. 5A). YK634 (UL51-T190A) and YK636 (UL51-S226T228S235/AAA) had plaque sizes

FIG 3 Effects of mutation(s) in UL51 on the steady-state expression levels of UL51. (A) HaCaT cells were
mock infected (lane 1) or infected with wild-type HSV-1(F) (lane 2), YK631 (UL51-S184A) (lane 3), YK632
(UL51-S184D) (lane 4), YK633 (UL51-S184A/D-repair) (lane 5), YK634 (UL51-T190A) (lane 6), YK635 (UL51-
T190A-repair) (lane 7), YK636 (UL51-S226T228S235/AAA) (lane 8), or YK637 (UL51-S226T228S235/AAA-
repair) (lane 9) at an MOI of 5, harvested at 18 h postinfection, and analyzed by immunoblotting with
antibodies to UL51, ICP8, and �-actin. (B) HaCaT cells were mock infected (lane 1) or infected with wild-type
HSV-1(F) (lane 2), YK638 (ΔUL51) (lane 3), or YK639 (ΔUL51-repair) (lane 4) at an MOI of 5 and analyzed as
described for panel A. A molecular mass marker is indicated on the left.
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similar to those of wild-type HSV-1(F) (Fig. 5A). Similar results were obtained with Vero cells
infected with each of these viruses (Fig. 5B). Notably, in contrast to the growth properties
of YK631 (UL51-S184A) in Vero cells at MOIs of 5 and 0.001, which were similar to those of
wild-type HSV-1(F), this mutant virus produced significantly smaller plaques than wild-type
HSV-1(F), YK633 (UL51-S184A/D-repair), and YK632 (UL51-S184D) (Fig. 5B). The effects of the
null mutation in UL51 on HSV-1 cell-cell spread in these cells agreed with previous reports
(19–21). These results suggested that the phosphorylation of UL51 Ser-184 was required for
efficient HSV-1 cell-cell spread in both HaCaT and Vero cells.

Effects of a null mutation in gE on the replication and cell-cell spread of YK631
(UL51-S184A) in HaCaT cells. To investigate the relationship between the effects of
UL51 phosphorylation at Ser-184 and those of gE on HSV-1 replication and cell-cell

FIG 4 Effects of mutation(s) in UL51 on viral replication. (A to H) HaCaT (A to D) or Vero (E to H) cells were infected
at an MOI of 5 (A, C, and E) or 0.001 (B, D, and F) with wild-type HSV-1(F) (A to H), YK631 (UL51-S184A) (A, B, E, and
F), YK632 (UL51-S184D) (A, B, E, and F), YK633 (UL51-S184A/D-repair) (A, B, E, and F), YK634 (UL51-T190A) (C, D, G,
and H), YK635 (UL51-T190A-repair) (C, D, G, and H), YK636 (UL51-S226T228S235/AAA) (C, D, G, and H), YK637
(UL51-S226T228S235/AAA-repair) (C, D, G, and H), YK638 (ΔUL51) (A, B, E, and F), or YK639 (ΔUL51-repair) (A, B, E,
and F). Total virus from cell culture supernatants and infected cells was harvested at 24 h (A and C), 48 h (B and
D), 18 h (E and G), or 36 h (F and H) postinfection and assayed on Vero cells. Each data point is the mean � standard
error from triplicate or quadruplicate samples. Data are representative of three independent experiments. *, P �
0.05; **, P � 0.01; ***, P � 0.001 (by Tukey’s test); n.s., not significant.
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spread, we constructed a gE-null mutant virus YK640 (ΔgE), a recombinant virus YK642
(UL51-S184A/ΔgE) carrying both a S184A mutation in UL51 and a null mutation in gE,
and their repaired viruses, YK641 (ΔgE-repair) and YK643 (UL51-S184A/ΔgE-repair) (Fig.
2). These recombinant viruses were characterized as follows. (i) As expected, HaCaT cells
infected with wild-type HSV-1(F), YK641 (ΔgE-repair), or YK643 (UL51-S184A/ΔgE-repair)
expressed gE (Fig. 6A and B), but cells infected with YK640 (ΔgE) or YK642 (UL51-
S184A/ΔgE) did not (Fig. 6A and B). (ii) The S184A mutation in UL51 had no effect on the
accumulation of gE, and all mutations in gE or UL51 had no effect on the accumulation of
ICP8 in HSV-1-infected cells (Fig. 6A and B).

We then analyzed progeny virus yields in HaCaT cells infected with wild-type HSV-1(F),
YK631 (UL51-S184A), YK642 (UL51-S184A/ΔgE), YK643 (UL51-S184A/ΔgE-repair), YK640
(ΔgE), or YK641 (ΔgE-repair). In agreement with previous reports (42–44), the gE-null
mutation had no significant effect on HSV-1 replication in HaCaT cells at MOIs of 5 and
0.001 (Fig. 6C and D). Similarly, the progeny virus yields of YK642 (UL51-S184A/ΔgE) in
HaCaT cells at MOIs of 5 and 0.001 were similar to those of YK631 (UL51-S184A), although
the virus yields of YK631 (UL51-S184A) and YK642 (UL51-S184A/ΔgE) in HaCaT cells at an
MOI of 0.001 were significantly lower than those of wild-type HSV-1(F) and YK643 (UL51-
S184A/ΔgE-repair) (Fig. 6C and D). We also analyzed plaque sizes in the infected cells. As
shown in Fig. 6E, YK631 (UL51-S184A) produced smaller plaques than wild-type HSV-1(F),
larger plaques than YK642 (UL51-S184A/ΔgE) and YK640 (ΔgE), and plaques of sizes similar
to those of YK643 (UL51-S184A/ΔgE-repair). YK642 (UL51-S184A/ΔgE) produced smaller
plaques than YK640 (ΔgE) and plaques of sizes similar to those of YK638 (ΔUL51) (Fig.
6E). Thus, the S184A mutation in UL51 and the gE-null mutation synergistically reduced
HSV-1 cell-cell spread in HaCaT cells. Collectively, these results indicated that the
phosphorylation of UL51 Ser-184 regulated HSV-1 cell-cell spread in HaCaT cells
independent of gE.

Effect of phosphorylation of the identified phosphorylation sites in UL51 on
HSV-1 morphogenesis in HaCaT cells. To determine the step(s) at which the phos-

FIG 5 Effects of mutation(s) in UL51 on viral cell-to-cell spread. (A and B) HaCaT (A) and Vero (B) cells
were infected with wild-type HSV-1(F), YK631 (UL51-S184A), YK632 (UL51-S184D), YK633 (UL51-S184A/
D-repair), YK634 (UL51-T190A), YK635 (UL51-T190A-repair), YK636 (UL51-S226T228S235/AAA), YK637
(UL51-S226T228S235/AAA-repair), YK638 (ΔUL51), or YK639 (ΔUL51-repair) at an MOI of 0.001 (A) or
0.0001 (B) under plaque assay conditions. The diameters of 30 (A) or 20 (B) single plaques for each of the
indicated viruses were measured 48 h postinfection. Each data point is the mean � standard error of the
measured plaque sizes. The horizontal bars indicate the mean for each group. **, P � 0.01; ***, P � 0.001
(by Tukey’s test); n.s., not significant.
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phorylation of UL51 Ser-184 regulates UL51 during HSV-1 replication in HaCaT cells, we
investigated viral morphogenesis by quantitating the number of virus particles by
electron microscopy analysis of different morphogenetic stages of HaCaT cells infected with
wild-type HSV-1(F), YK631 (UL51-S184A), YK632 (UL51-S184D), YK633 (UL51-S184A/D-

FIG 6 Effects of null mutation in gE on viral replication and cell-to-cell spread of UL51 mutant virus. (A) HaCaT cells were
mock infected (lane 1) or infected with wild-type HSV-1(F) (lane 2), YK631 (UL51-S184A) (lane 3), YK642 (UL51-S184A/
ΔgE) (lane 4), or YK643 (UL51-S184A/ΔgE-repair) (lane 5) at an MOI of 5, harvested at 18 h postinfection, and analyzed
by immunoblotting with antibodies to gE, ICP8, and �-actin. (B) HaCaT cells were mock infected (lane 1) or infected with
wild-type HSV-1(F) (lane 2), YK640 (ΔgE) (lane 3), or YK641 (ΔgE-repair) (lane 4) at an MOI of 5 and analyzed as described
for panel A. (C and D) HaCaT cells were infected at an MOI of 5 (C) or 0.001 (D) with wild-type HSV-1(F), YK631
(UL51-S184A), YK642 (UL51-S184A/ΔgE), YK643 (UL51-S184A/ΔgE-repair), YK640 (ΔgE), or YK641 (ΔgE-repair). Total virus
from cell culture supernatants and infected cells was harvested at 24 h (C) or 48 h (D) postinfection and assayed on Vero
cells. Each data point is the mean � standard error from three independent experiments. (E) HaCaT cells were infected
with wild-type HSV-1(F), YK631 (UL51-S184A), YK642 (UL51-S184A/ΔgE), YK643 (UL51-S184A/ΔgE-repair), YK640 (ΔgE),
YK641 (ΔgE-repair), YK638 (ΔUL51), or YK639 (ΔUL51-repair) at an MOI of 0.001 under plaque assay conditions. The
diameters of 40 single plaques for each of the indicated viruses were measured 48 h postinfection. Each data point is
the mean � standard error from the measured plaque sizes. The horizontal bars indicate the mean for each group. ***,
P � 0.001 (by Tukey’s test); n.s., not significant.

HSV-1 UL51 Regulation by Site-Specific Phosphorylation Journal of Virology

September 2018 Volume 92 Issue 18 e01035-18 jvi.asm.org 9

http://jvi.asm.org


repair), YK634 (UL51-T190A), YK636 (UL51-S226T228S235/AAA), YK638 (ΔUL51), or YK639
(ΔUL51-repair) at an MOI of 5 for 18 h.

As shown in Fig. 7, in HaCaT cells infected with YK631 (UL51-S184A) or YK638
(ΔUL51), membranous structures containing primary enveloped virions formed by
invaginations of the INM into the nucleoplasm were readily observed adjacent to the
nuclear membrane. These membranous invagination structures were present at a lower
but consistent frequency in HaCaT cells infected with wild-type HSV-1(F), YK633 (UL51-
S184A/D-repair), or YK639 (ΔUL51-repair) (Fig. 7), as reported previously (45). The
quantification of virus particles at different morphogenetic stages showed that 24.4%
and 27.8% of enveloped virions in HaCaT cells infected with YK631 (UL51-S184A) or
YK638 (ΔUL51), respectively, were present in the perinuclear space and invagination
structures. However, in HaCaT cells infected with wild-type HSV-1(F), YK633 (UL51-
S184A/D-repair), or YK639 (ΔUL51-repair), 4.9%, 10.5%, or 10.7% of enveloped virions,
respectively, were present in these compartments (Table 2). The wild-type frequency of
enveloped virions in the perinuclear space and invagination structures were restored in
HaCaT cells infected with YK632 (UL51-S184D) (Fig. 7 and Table 2). The fraction of total
virus particles in the nucleus of HaCaT cells infected with wild-type HSV-1(F), YK631
(UL51-S184A), YK632 (UL51-S184D), YK633 (UL51-S184A/D-repair), YK638 (ΔUL51), or
YK639 (ΔUL51-repair) was comparable (37.6% to 49.5%) (Table 2).

In the cytoplasm of HaCaT cells infected with YK638 (ΔUL51), 2.7% of virus particles were
partially enveloped nucleocapsids. In contrast, only 1.3%, 1.0%, or 1.1% of virus particles
were partially enveloped nucleocapsids in the cytoplasm of cells infected with wild-type

FIG 7 Ultrastructural analysis of the effects of mutation(s) in UL51 on viral nuclear egress in HaCaT cells. HaCaT cells were infected with
wild-type HSV-1(F), YK631 (UL51-S184A), YK632 (UL51-S184D), YK633 (UL51-S184A/D-repair), YK634 (UL51-T190A), YK636 (UL51-
S226T228S235/AAA), YK638 (ΔUL51), or YK639 (ΔUL51-repair) at an MOI of 5, fixed at 18 h postinfection, embedded, sectioned,
stained, and examined by transmission electron microscopy. Nuc, nucleus; Cy, cytoplasm. Scale bars, 500 nm.
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HSV-1(F), YK631 (UL51-S184A), or YK639 (ΔUL51-repair), respectively (Fig. 8 and Table 2).
The frequency (6.8%) of unenveloped or partially enveloped nucleocapsids in the cyto-
plasm of HaCaT cells infected with YK638 (ΔUL51) was higher than the frequency of virions
in the cytoplasm of cells infected with wild-type HSV-1(F), YK631 (UL51-S184A), or YK639
(ΔUL51-repair) (3.8%, 2.0%, and 2.1%), respectively (Fig. 8 and Table 2). In contrast, 51.5%,
36.1%, or 41.4% of virus particles in HaCaT cells infected with wild-type HSV-1(F), YK631
(UL51-S184A), or YK639 (ΔUL51-repair), respectively, were enveloped virions in the cyto-
plasm and extracellular space. However, in cells infected with YK638 (ΔUL51), the percent-
age of virus particles that were enveloped virions in the cytoplasm and extracellular space
decreased to 16.0% (Fig. 8 and Table 2).

Results similar to those with wild-type HSV-1(F) were also obtained with YK634
(UL51-T190A)- or YK636 (UL51-S226T228S235/AAA)-infected HaCaT cells (Fig. 7 and 8
and Table 2).

Collectively, these results indicated the following. (i) In HaCaT cells, the UL51-null
mutation and preclusion of the phosphorylation of UL51 Ser-184 induced membranous
invaginations containing primary enveloped virions adjacent to the nuclear membrane

TABLE 2 Effects of the mutations in UL51 on the distribution of viral particles in HSV-1-infected HaCaT cells

Virus

Avg % of virus particles in morphogenetic stage (no. of particles in stage)

Total counted
(particles/cells)

Capsids in
nucleus

Enveloped
virions in
perinuclear
space

Unenveloped
capsids in
cytoplasm

Partially
enveloped
capsids in
cytoplasm

Enveloped
virions in
cytoplasm

Extracellular
enveloped
virions

HSV-1 (F) (wild type) 39.7 (1,088) 4.9 (135) 2.5 (69) 1.3 (36) 4.0 (109) 47.5 (1,301) 2,738/15
YK631 (UL51-S184A) 37.6 (1,630) 24.4 (1,057) 1.0 (42) 1.0 (42) 3.2 (138) 32.9 (1,428) 4,337/15
YK632 (UL51-S184D) 46.4 (1,622) 7.1 (248) 2.2 (76) 1.3 (45) 5.0 (176) 38.0 (1,328) 3,495/15
YK633 (UL51-S184A/D-repair) 44.4 (1,609) 10.5 (381) 1.8 (64) 1.1 (40) 5.3 (193) 36.9 (1,335) 3,622/15
YK634 (UL51-T190A) 47.7 (1,731) 12.5 (455) 1.8 (64) 1.2 (42) 4.1 (149) 32.8 (1,189) 3,630/15
YK636 (UL51-S226T228S235/AAA) 47.9 (1,880) 9.5 (374) 1.1 (42) 1.1 (42) 4.0 (155) 36.6 (1,436) 3,929/15
YK638 (ΔUL51) 49.5 (1,905) 27.8 (1,072) 4.1 (158) 2.7 (102) 1.4 (52) 14.6 (563) 3,852/15
YK639 (ΔUL51-repair) 45.8 (1,694) 10.7 (397) 1.0 (35) 1.1 (41) 4.4 (163) 37.0 (1,369) 3,699/15

FIG 8 Ultrastructural analysis of the effects of mutation(s) in UL51 on viral final envelopment in the cytoplasm of HaCaT cells. HaCaT
cells were infected with wild-type HSV-1(F), YK631 (UL51-S184A), YK632 (UL51-S184D), YK633 (UL51-S184A/D-repair), YK634 (UL51-
T190A), YK636 (UL51-S226T228S235/AAA), YK638 (ΔUL51), or YK639 (ΔUL51-repair) at an MOI of 5, fixed at 18 h postinfection,
embedded, sectioned, stained, and examined by transmission electron microscopy. Scale bar, 500 nm.
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and induced the comparable aberrant accumulation of primary envelope virions in the
perinuclear space and the induced invagination structures. (ii) In HaCaT cells, the
UL51-null mutation, but not preclusion of the phosphorylation of UL51 Ser-184, in-
duced the comparable aberrant accumulation of unenveloped nucleocapsids and
partially enveloped nucleocapsids in the cytoplasm. These phenotypes observed in the
cytoplasm of cells with the UL51-null mutation were in agreement with those reported
previously (13).

Effects of UL51 and its phosphorylation on the intracellular localization of
UL34 and UL31 in HaCaT cells. Our data showed that null and S184A mutations in
UL51 induced membranous invaginations containing primary enveloped virions adja-
cent to the nuclear membrane and in the perinuclear space. This led us to investigate
the effects of these mutations on the intracellular localization of UL34 and UL31, which
are critical for the nuclear egress of HSV-1 nucleocapsids (3–5, 46–49), because the
phenotypes observed above were reported to be linked to the aberrant localization of
UL34 and UL31 (38, 45, 47, 48, 50). To this end, HaCaT cells were infected with wild-type
HSV-1(F), YK631 (UL51-S184A), YK632 (UL51-S184D), YK633 (UL51-S184A/D-repair),
YK634 (UL51-T190A), YK636 (UL51-S226T228S235/AAA), YK638 (ΔUL51), or YK639
(ΔUL51-repair) at an MOI of 5 for 18 h, and the localization of UL34 and UL31 in these
infected cells was analyzed by confocal microscopy. Although the UL34 and UL31
proteins were colocalized along the nuclear rim in the majority of HaCaT cells infected
with wild-type HSV-1(F), YK633 (UL51-S184A/D-repair), or YK639 (ΔUL51-repair) (69.9%
to 77.2%), some UL34 and UL31 proteins were colocalized in punctate structures
adjacent to the nuclear rim (22.8% to 30.1%) (Fig. 9), as reported previously (45). In
contrast, in HaCaT cells infected with YK631 (UL51-S184A) or YK638 (ΔUL51), UL31 and
UL34 were colocalized in punctate structures adjacent to the nuclear rim in the majority
of cells (76.2% or 80.5%, respectively) and were colocalized along the nuclear rim in a
smaller percentage of cells (Fig. 9). The fraction of YK631 (UL51-S184A)- or YK638
(ΔUL51)-infected HaCaT cells with punctate structures (76.2% or 80.5%, respectively)
was significantly larger than that of cells infected with HSV-1(F) or each of the
corresponding repair viruses with punctate structures (22.8% to 30.1%) (Fig. 9B).
Differences in the frequencies between HaCaT cells with punctate structures infected
with YK631 (UL51-S184A) and those with punctate structures infected with YK638
(ΔUL51) were not statistically significant (Fig. 9B). Furthermore, the wild-type frequency
of HaCaT cells with punctate structures (28.2%) was restored in HaCaT cells infected
with YK632 (UL51-S184D) (Fig. 9B). Results similar to those with wild-type HSV-1(F) were
also obtained with YK634 (UL51-T190A)- or YK636 (UL51-S226T228S235/AAA)-infected
HaCaT cells (Fig. 9A). In contrast, in Vero cells infected with YK631 (UL51-S184A) or
YK638 (ΔUL51), the punctate structures of UL34 and UL31 at the nuclear membrane
were barely detectable, similar to Vero cells infected with wild-type HSV-1(F) (Fig. 10A
and B). These results indicated that UL51 and its phosphorylation at Ser-184 were
required for the correct localization of UL34 and UL31 in HSV-1-infected HaCaT cells but
not in Vero cells.

Localization of UL51 in HSV-1-infected HaCaT cells. The data described above
suggested that UL51 regulated HSV-1 nuclear egress at the nuclear membrane; there-
fore, we investigated the localization of UL51 in infected HaCaT cells. In agreement with
previous reports (11, 13, 19, 21), UL51 accumulated in cytoplasmic punctate structures
in HaCaT cells infected with wild-type HSV-1(F) (Fig. 11A). UL51, unlike gB, localized in
cytoplasmic perinuclear regions at the nuclear rim and at sites other than the nuclear
membrane (Fig. 11A). Of note, UL51 also localized at the nuclear rim and colocalized
with gB, which was reported to localize both at the inner and outer nuclear membranes
(51, 52) (Fig. 11A). Line plot analyses verified that UL51 was mainly colocalized with gB
at the nuclear rim (Fig. 11B), suggesting UL51 localizes at the nuclear membrane in
HSV-1-infected HaCaT cells.

Effects of UL51 or its phosphorylation at Ser-184 on pathogenesis in mice. To
examine the effects of UL51 and the phosphorylation of UL51 Ser-184 on HSV-1
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FIG 9 Effects of mutation(s) in UL51 on the localization of UL31 and UL34 in HaCaT cells. (A) HaCaT cells were infected with wild-type
HSV-1(F), YK631 (UL51-S184A), YK632 (UL51-S184D), YK633 (UL51-S184A/D-repair), YK634 (UL51-T190A), YK636 (UL51-S226T228S235/AAA),
YK638 (ΔUL51), or YK639 (ΔUL51-repair) at an MOI of 5, fixed at 18 h postinfection, permeabilized, stained with anti-UL34 and anti-UL31
antibodies, and examined by confocal microscopy. Each image in the far-right column is the magnified image of the boxed area in the
image to its left. Because different patterns of UL31 and UL34 localization were observed in cells infected with each of the indicated viruses,
images of two of the infected cells are shown here as examples of UL31 and UL34 localization. (B) Quantitation of infected HaCaT cells with
aberrant punctate structures of UL31 and UL34 adjacent to the nuclear rim. The experiments were performed as described for panel A, and
the percentage of cells with aberrant punctate structures at the nuclear rim was determined. Each value is the mean � standard error of
the results from three independent experiments. ***, P � 0.001 (by Tukey’s test); n.s., not significant.
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infection in vivo, 3-week-old female ICR mice were infected intracranially with 10-fold
dilutions of YK631 (UL51-S184A), YK633 (UL51-S184A/D-repair), YK638 (ΔUL51), or
YK639 (ΔUL51-repair), and mortality was monitored for 14 days postinfection. As shown
in Fig. 12A, the 50% lethal dose (LD50) value of YK638 (ΔUL51) was approximately 2 �

FIG 10 Effects of mutation(s) in UL51 on the localization of UL31 and UL34 in Vero cells. (A) Vero cells
were infected with wild-type HSV-1(F), YK631 (UL51-S184A), or YK638 (ΔUL51) at an MOI of 5, fixed at 12
h postinfection, permeabilized, stained with anti-UL34 and anti-UL31 antibodies, and examined by
confocal microscopy. (B) Quantitation of infected Vero cells with aberrant punctate structures of UL31
and UL34 adjacent to the nuclear rim. The experiments were performed as described for panel A, and the
percentage of cells with aberrant punctate structures at the nuclear rim was determined. Each value is
the mean � standard error of the results from three independent experiments. n.s., not significant.

FIG 11 Localization of UL51 and gB in HaCaT cells. (A) HaCaT cells were infected with wild-type HSV-1(F) or YK638 (ΔUL51)
at an MOI of 5, fixed at 18 h postinfection, permeabilized, stained with anti-UL51 and anti-gB antibodies, and examined
by confocal microscopy. Each image in the middle column is the magnified image of the boxed area in the upper column.
(B) Line-scan analysis of colocalization between UL51 and gB. The experiments were performed as described for panel A,
and the fluorescence intensity of white arrows in the middle panels was determined.
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103-fold greater than that of YK639 (ΔUL51-repair). In contrast, the LD50 value of YK631
(UL51-S184A) was comparable to that of YK633 (UL51-S184A/D-repair) (Fig. 12A). These
results indicated that UL51 was critical for HSV-1 virulence in mice following intracranial
infection, whereas the phosphorylation of UL51 Ser-184 was not.

To further examine the effect of the phosphorylation of UL51 Ser-184 in HSV-1 patho-
genesis, 4-week-old female ICR mice were ocularly infected with 1 � 106 PFU/eye of YK631
(UL51-S184A), YK632 (UL51-S184D), or YK633 (UL51-S184A/D-repair), and mortality was
monitored for 14 days postinfection. As shown in Fig. 12B, the survival of mice infected with
YK631 (UL51-S184A) was significantly lower than that in mice infected with YK633 (UL51-
S184A/D-repair) or YK632 (UL51-S184D), although the survival of mice infected with YK632
(UL51-S184D) was significantly greater than that of mice infected with YK633 (UL51-S184A/
D-repair). These results suggested that the phosphorylation of UL51 Ser-184 was required
for efficient HSV-1 virulence in mice following ocular infection.

DISCUSSION

Although HSV-1 UL51 has long been recognized as a phosphoprotein (12), the
regulatory effect of UL51 phosphorylation in HSV-1-infected cells is unclear. In this
study, the MS analysis of cells ectopically expressing UL51 identified Ser-184, Thr-190,
Ser-226, Thr-228, and Ser-235 as phosphorylation sites in UL51. The phosphorylation of
UL51 at Ser-184, Thr-190, and/or Ser-226 in HSV-1-infected cells was previously re-
ported in a large-scale phosphoproteomics analysis of HSV-1-infected cells (30–33);
however, the biological significance of these phosphorylation sites in HSV-1 infection is
unknown. In contrast, the phosphorylation of UL51 at Thr-228 and Ser-235 has not been
reported. Studies with mutant viruses in which the phosphorylation of UL51 Ser-184,
Thr-190, Ser-226, Thr-228, and/or Ser-235 was precluded or mimicked by amino acid
substitution(s) revealed that among the identified UL51 phosphorylation sites, only
UL51 Ser-184 was functional in HSV-1-infected cells, and this was dependent on cell
type and MOI. We report that the phosphorylation of UL51 Ser-184 was required for

FIG 12 Effects of mutation(s) in UL51 on the mortality of mice following intracranial or ocular infection. (A)
Three-week-old female mice were inoculated intracranially with serial 10-fold dilutions of the indicated
viruses in groups of 6 per dilution and were monitored for 14 days. LD50 values were determined by the
Behrens-Karber method. (B) Forty-five 3-week-old female ICR mice were infected ocularly with 1 � 106

PFU/eye of each virus and were monitored for 14 days. Differences in the mortality of infected mice were
statistically analyzed by the log-rank test, and for three comparison analyses, P values of �0.0167 (0.05/3),
�0.025 (0.05/2), or �0.05 (0.05/1) were sequentially considered significant after Holm’s sequentially
rejective Bonferroni multiple-comparison adjustment.
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efficient HSV-1 replication in HaCaT cells at an MOI of 0.001 and for efficient viral
cell-cell spread in both HaCaT and Vero cells. In contrast, phosphorylation was not
required for HSV-1 replication in HaCaT cells at an MOI of 5 and in Vero cells at MOIs
of 0.001 and 5. Importantly, we demonstrated that the phosphorylation of UL51 Ser-184
was required for efficient HSV-1 pathogenicity in mice following ocular infection. From
these observations, we concluded that UL51 was regulated by its phosphorylation at
Ser-184 and that this regulation was critical for HSV-1 replication and pathogenicity.
UL51 is conserved in all members of the family Herpesviridae (1). This is the first report
clarifying a regulatory mechanism of UL51 in any herpesvirus UL51 orthologs as well as
showing the significance of the phosphorylation of UL51 in HSV-1 infection.

Roller et al. previously showed that the UL51 regulation of HSV-1 cell-cell spread
might be dependent on gE, based on observations that UL51 interacted with gE and a
dominant-negative mutant of UL51 mislocalized gE in HSV-1-infected cells (19). Of note,
they also reported that a cell-cell spread defect associated with a UL51-null mutation
was more severe than that associated with a gE-null mutation in HSV-1-infected cells,
suggesting that UL51 also functions in HSV-1 cell-cell spread independent of gE (19). In
this study, we showed that the preclusion of phosphorylation at UL51 Ser-184 and
gE-null mutation synergistically reduced HSV-1 cell-cell spread in HaCaT cells. These
results clearly support the hypothesis of Roller et al. and indicate that this gE-
independent UL51 function for the promotion of HSV-1 cell-cell spread is regulated by
phosphorylation at Ser-184. Recently, Albecka et al. reported that both UL51 and UL7
were required to maintain the morphology of HSV-1-infected cells as well as to stabilize
focal adhesions, which have an important role in cell attachment (53), and that null
mutation(s) in either or both of these HSV-1 proteins equivalently impaired HSV-1
cell-cell spread (21). Based on these observations, they proposed that the UL51-UL7
complex promotes HSV-1 cell-cell spread by stabilizing focal adhesions (21). Therefore,
it will be of interest to investigate the effects of the phosphorylation at UL51 Ser-184
on the morphology of HSV-1-infected cells and the stabilization of focal adhesions.

We also identified at which step of HSV-1 replication the phosphorylation of UL51
Ser-184 is regulated in HaCaT cells. Preclusion of phosphorylation at UL51 Ser-184 and
the UL51-null mutation in HaCaT cells induced membranous invagination structures
adjacent to the nuclear membrane that accumulated primary enveloped virions. Of
note, these phenotypes with the UL51-null mutation were not observed in Vero cells in
our recent study (13). Aberrant virion accumulation in membranous invagination
structures might reflect a decreased rate of virion egress from the perinuclear space,
whereas the rate of virion delivery into this space may be unchanged or decreased to
a lesser degree. Therefore, factors including HSV-1 Us3, cellular factors, CD98 heavy
chain, and p32, whose inactivation is responsible for these phenotypes, might regulate
HSV-1 de-envelopment (38, 47, 48, 50). In addition, the inactivation of these known
de-envelopment factors resulted in the aberrant localization of UL31 and UL34 in
punctate structures adjacent to the nuclear rim (38, 47, 48, 50). Furthermore, in the
current study we showed that the preclusion of phosphorylation at UL51 Ser-184 and
the UL51-null mutation induced this phenotype in HaCaT cells but not in Vero cells.
Importantly, the preclusion of phosphorylation at UL51 Ser-184 induced these pheno-
types at levels similar to those of the UL51-null mutation, and the phosphomimetic
mutation at UL51 Ser-184 restored the phenotypes to wild-type levels. From these
results, we concluded that UL51 promoted HSV-1 de-envelopment during nuclear
egress dependent on cell type and that the regulation of UL51 by phosphorylation at
Ser-184 was critical for this UL51 function. In agreement with this conclusion, cell
type-dependent defects in HSV-1 de-envelopment were reported for simultaneous
mutations in HSV-1 gB and gH: the dual mutations induced the aberrant (�60-fold)
accumulation of primary enveloped virions in the perinuclear space in HaCaT cells but
had little effect (only approximately 2-fold) in Vero cells (51). Interestingly, in addition
to defects in HSV-1 de-envelopment, the UL51-null mutation caused defects in viral
secondary envelopment in HaCaT cells, as previously observed with this mutation in
Vero cells (13). In contrast, the preclusion of phosphorylation at UL51 Ser-184 in HaCaT
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cells had no effect on virion morphogenesis in the cytoplasm, indicating that UL51
Ser-184 phosphorylation regulated only some UL51 functions.

Early studies testing recombinant PRV and VZV carrying a null mutation in UL51
homologs in mice and SCID-hu dorsal root ganglia xenograft mice, respectively,
reported these UL51 homologs were required for efficient viral neurovirulence, neuro-
invasiveness, and/or spread in vivo (16, 18, 54). However, a role for HSV-1 UL51 in viral
pathogenicity has not been reported thus far. In this study, we showed that the
UL51-null mutation remarkably (approximately 2 � 103-fold) impaired survival in mice
following intracranial infection. In contrast, the preclusion of phosphorylation at UL51
Ser-184 had no effect on virulence in mice following intracranial infection but signifi-
cantly reduced viral virulence in mice following ocular infection. In experimental mouse
models of HSV-1 infection, virulence following intracranial infection and at peripheral
sites, such as the eye and vagina, were important and semi-independent indicators of
HSV-1 virulence. Virulence (neurovirulence) in mice following intracranial infection
depends on the ability of HSV-1 to replicate in the central nervous system (CNS),
whereas virulence (neuroinvasiveness) in mice following ocular infection results from
the sum of multiple capacities of HSV-1 to replicate in the eyes, trigeminal ganglia, and
brains, thereby gaining access to the trigeminal ganglia from the eye and invading the
CNS from the trigeminal ganglia. Our observations in this study indicated that HSV-1
UL51 was a significant neurovirulence factor that has a role in viral neuroinvasiveness.
Although the regulation of UL51 by its phosphorylation at Ser-184 did not appear to be
required for viral neurovirulence, it was critical for HSV-1 neuroinvasiveness. Thus, the
phosphorylation-regulated functions of UL51 reported in this study, including the
promotion of de-envelopment, cell-cell spread, and viral replication, might contribute
to HSV-1 pathogenicity.

MATERIALS AND METHODS
Cells and viruses. Simian kidney epithelial Vero cells, human keratinocyte HaCaT cells, human

embryonic kidney epithelial HEK293T cells, and rabbit skin cells, as well as HSV-1 wild-type strain
HSV-1(F), were described previously (36, 40, 45, 55). Recombinant virus YK304, reconstituted from
pYEbac102 containing a complete HSV-1(F) sequence with the BAC sequence inserted into the HSV
intergenic region between UL3 and UL4, was described previously (40). YK304 has an phenotype
identical to that of wild-type HSV-1(F) in cell cultures and in mouse models (40).

Plasmids. pcDNA-CREin-KanS, used to generate pYEbac102Cre, was constructed by amplifying the
Cre-encoding gene, containing a synthetic intron that prevented the expression of the functional protein
in Escherichia coli, by PCR from pBS-CREin-KanS (56) using the primers shown in Table 3. This was then
cloned into the EcoRI site of pcDNA3.1(�) (Thermo Fisher Scientific). pcDNA-FEM-KanS was constructed
by PCR amplification of the domain containing the FEM tag, I-SceI site, and kanamycin resistance gene
from pBS-FEM-KanS and cloning it into the EcoRI and HindIII sites of pcDNA3.1/myc-His(�)-A (Thermo
Fisher Scientific). pcDNA-FEM was constructed by digesting pcDNA-FEM-KanS with NheI and self-ligating
to remove the I-SceI site and kanamycin resistance gene. pcDNA-FEM-UL51 was constructed by ampli-
fying the entire UL51 open reading frame (ORF) from pYEbac102 by PCR and cloning it into pcDNA-FEM
in frame with FEM. pBS1007, used to generate the recombinant virus YK639 (ΔUL51-repair), was
described previously (11). pRB442, used to generate the probe for Southern blotting, contains a 6.3-kbp
KpnI-HindIII fragment of HSV-1(F), which encompasses the left end of the UL region, including the region
between 0.0415 and 0.084 map units, as described previously (57).

Identification of phosphorylation sites in UL51. HEK293T cells were transfected with pcDNA-FEM-
UL51 using polyethylenimine as described previously (58). These were then harvested at 48 h posttrans-
fection and lysed in 0.5% NP-40 buffer (0.5% NP-40, 120 mM NaCl, 50 mM Tris-HCl [pH 8.0], and 50 mM
NaF) containing protease and phosphatase inhibitor cocktails (Nacalai Tesque). After centrifugation, the
supernatants were immunoprecipitated with an anti-Myc monoclonal antibody, and the immunopre-
cipitates were incubated with AcTEV protease (Invitrogen) for 1 h at room temperature. After another
centrifugation, the supernatants were immunoprecipitated with an anti-Flag M2 affinity gel (Sigma), and
the immunoprecipitates were washed three times with 0.1% NP-40 buffer and two times with wash
buffer (50 mM Tris-HCl [pH 8.0], 120 mM NaCl, 50 mM NaF). Flag elution buffer (50 mM Tris-HCl [pH 7.5],
150 mM NaCl, 0.5 mg Flag peptide/ml) was added and the immunoprecipitates were rotated for 2 h at
4°C. The eluted protein solution was incubated with trypsin and analyzed by nano-liquid chromatogra-
phy–tandem mass spectrometry (nanoLC-MS/MS) as described previously (35). For this analysis, we used
LTQ-Orbitrap Velos (Thermo Fisher Scientific) coupled with Dina-2A (KYA Technologies). The MS/MS
signals were then analyzed against the 68,711 protein sequences in the RefSeq human protein database
(National Center for Biotechnology Information [NCBI]) and the 74 virus protein sequences based on the
complete genome sequence of human herpesvirus 1 strain F (GenBank accession number GU734771)
using the Mascot algorithm (version 2.4.1; Matrix Science) with the following parameters: variable
modifications, oxidation (Met), protein N-terminal acetylation, pyroglutamination (Gln), phosphorylation
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(Ser, Thr, and Tyr); maximum missed cleavages, 2; peptide mass tolerance, 3 ppm; MS/MS tolerance, 0.8
Da. For peptide identification, we conducted decoy database searching by Mascot and applied a filter for
a false-positive rate of �1%. Determination of phosphorylated sites in the peptides was performed using
Proteome Discoverer 1.3 (Thermo Fisher Scientific).

Construction of a self-excisable HSV-1(F) BAC. To construct an E. coli GS1783 strain harboring a
self-excisable HSV-1 BAC plasmid pYEbac102Cre carrying an expression cassette consisting of the CMV
promoter, the CREin sequence, BGH poly(A), and transcription termination sequences for enhanced
mRNA stability in the intergenic region between loxP and the BAC sequence (pYEbac102Cre) (Fig. 1), a
two-step Red-mediated mutagenesis procedure was carried out using the primers listed in Table 3, to
generate pcDNA-CREin-Kan and E. coli GS1783 harboring pYEbac102, as described previously (59, 60).

Recombinant viruses YK631 (UL51-S184A), encoding UL51 with alanine substituted for Ser-184, YK634
(UL51-T190A), encoding UL51 with alanine substituted for Thr-190, and YK636 (UL51-S226T228S235/AAA),
encoding UL51 with alanine substituted for Ser-226, Thr-228, and Ser-235 (Fig. 2) were generated by the
two-step Red-mediated mutagenesis procedure using E. coli GS1783 containing pYEbac102Cre as
described previously (59, 60), except the primers listed in Table 3 were used. YK632 (UL51-S184D),
encoding UL51 with aspartic acid substituted for Ser-184 (Fig. 2), was generated by the two-step
Red-mediated mutagenesis procedure as described previously (59, 60), except for using E. coli GS1783
containing the YK631 (UL51-S184A) genome and the primers listed in Table 3. Recombinant virus YK638
(ΔUL51), in which the UL51 gene was disrupted by deleting UL51 codons 43 to 244, YK640 (ΔgE), in which
the Us8 gene was disrupted by the insertion of an 11-bp sequence carrying two stop codons into the
Arg-29 locus of the Us8 gene, and YK642 (UL51-S184A/ΔgE), encoding a S184A mutation in UL51 and an
11-bp insertion in gE, were constructed by the two-step Red-mediated mutagenesis procedure using E.
coli GS1783 carrying pYEbac102Cre as described previously (59, 60), except for using the primers listed
in Table 3. Recombinant viruses YK633 (UL51-S184A/D-repair), YK635 (UL51-T190A-repair), YK637 (UL51-
S226T228S235/AAA-repair), YK641 (ΔgE-repair), and YK643 (UL51-S184A/ΔgE-repair), in which the UL51-
S184D, UL51-T190A, UL51-S226T228S235/AAA, and gE-null mutations in YK632, YK634, YK636, YK640,
and YK642, respectively (Fig. 2), were repaired and generated as described previously (59, 60), except for
using the primers listed in Table 3. Recombinant virus YK639 (ΔUL51-repair), in which the mutation in
YK638 (ΔUL51) was repaired (Fig. 2), was generated by the cotransfection of rabbit skin cells with the
YK638 (ΔUL51) genome and pBS1007 using the calcium phosphate precipitation technique as described
previously (40). Plaques of progeny viruses from the transfections and infections were isolated three
times on Vero cells, and the restoration of original sequences was confirmed by sequencing (61).

Antibodies. Commercial antibodies used in this study were mouse monoclonal antibodies to gB
(H1817; Virusys), gE (9H3; Virusys), ICP8 (10A3; Millipore), and �-actin (AC15; Sigma). Mouse polyclonal
antibodies to HSV-1 UL31 were described previously (62). Rabbit polyclonal antibodies to HSV-1 UL51 or
UL34 were described previously (12, 63).

Immunoblotting, immunofluorescence, and determination of plaque size. Immunoblotting,
immunofluorescence, and the determination of plaque size were performed as described previously (45,
61, 64). The fluorescence intensity of immunofluorescence images was quantified using an LSM800
microscope with ZEN2.3 software (Zeiss).

Southern blotting. Viral DNAs were digested with EcoRI, analyzed by electrophoresis on 0.8%
agarose gels, and transferred to Hybond-N� nylon membranes (GE Healthcare). The bands were
hybridized with the appropriate DNA probe labeled with horseradish peroxidase using a direct nucleic
acid labeling system (GE Healthcare) by following the manufacturer’s instructions.

Electron microscopic analysis. HaCaT cells infected with wild-type HSV-1(F), YK631 (UL51-S184A),
YK632 (UL51-S184D), YK633 (UL51-S184A/D-repair), YK634 (UL51-T190A), YK636 (UL51-S226T228S235/
AAA), YK638 (ΔUL51), or YK639 (ΔUL51-repair) at an MOI of 5 for 18 h were examined by ultrathin-section
electron microscopy as described previously (45).

Animal studies. Female ICR mice were purchased from Charles River Laboratories. Three-week-old
mice were infected intracranially with 10-fold serial dilutions of the indicated viruses in groups of 6 per
dilution as described previously (34, 40). Mice were monitored daily, and mortality occurring from 1 to
14 days postinfection was attributed to the infecting virus. LD50 values were calculated by the Behrens-
Karber method. For ocular infection, 4-week-old mice were infected with 1 � 106 PFU/eye of each of the
indicated viruses as described previously (56, 65). Mice were monitored daily, and mortality occurring
from 1 to 14 days postinfection was attributed to the infecting virus. All animal experiments were carried
out in accordance with the guidelines for the proper conduct of animal experiments of the Science
Council of Japan. The protocol was approved by the Institutional Animal Care and Use Committee
(IACUC) of the Institute of Medical Science, The University of Tokyo (IACUC protocol approval numbers
PA19-26, PA11-81, and PA16-69).

Statistical analysis. Differences in viral yields, plaque sizes, and percentage of cells with punctate
structures containing UL31 and UL34 were statistically analyzed by analysis of variance and Tukey’s test.
A P value of �0.05 was considered statistically significant. Differences in the mortality of infected mice
were statistically analyzed by the log-rank test, and for the three comparison analyses, P values of
�0.0167 (0.05/3), �0.025 (0.05/2), or �0.05 (0.05/1) were sequentially considered significant after Holm’s
sequentially rejective Bonferroni multiple-comparison adjustment.
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